Acoustic microscopy provides not only high resolution imaging but also basic data for interpreting clinical ultrasound images and information on biomechanics of the tissues. Multimodal ultrasound microscope is developed for quantitative measurement of sound speed of the tissue. The frequency dependent characteristics of the amplitude and phase of a single pulse deduce the tissue thickness and sound speed. Specific acoustic impedance and elastic bulk modulus are derived by the sound speed and density of the tissue. Ultrasound impedance microscope visualizes microscopic image of the tissue surface by just touching the probe to the tissue. The reflection from the interface between the tissue and plastic plate is obtained to visualize two-dimensional distribution of specific acoustic impedance of the tissue. The multimodal ultrasound microscope realized conventional C-mode, surface impedance mode, B-mode, 3D mode and combination of photoacoustic imaging. The series of the ultrasound measurements of gastric cancer, renal cancer, prostatic cancer, myocardial infarction, atherosclerosis, cartilage-bone complex and brain have provided important information for clinical ultrasound imaging and pathophysiology from the point of view of biomechanics. Development of higher frequency transducer or arrayed transducer with newest technologies would realize higher resolution imaging and easier handling.
BACKGROUND / OBJECTIVES
Acoustic microscopy provides not only high resolution imaging but also basic data for interpreting clinical ultrasound images and information on biomechanics of the tissues. Multimodal ultrasound microscope is a kind of acoustic microscopy which is used as a conventional scanning acoustic microscope, ultrasound impedance microscope or three-dimensional ultrasound microscope. The objectives of our research project [1] [2] [3] [4] [5] [6] [7] [8] [9] are to measure the sound speed of biological tissues, to assess the relation between sound speed and intensities of clinical ultrasound images and to evaluate the tissue degeneration from the biomechanical point of view.
METHODS

Relations between Sound Speed and Echo Intensity or Tissue Elasticity
Microscopic acoustic properties obtained with high frequency ultrasound can be used for assessing echo intensity and texture in clinical echography with lower frequency ultrasound.
Density ρ and sound speed c determine the characteristic acoustic impedance Z of the material as c Z U
Assuming that the interface between two fluid-like media is infinite and plane, the relative reflected sound power, in dB, can be determined from the specific acoustic impedance of each medium if the material is approximately isotropic. 
P dB
where P r is the sound power reflected at interface, P i is the incident sound power, Z a is the acoustic impedance of medium a, Z b is the acoustic impedance of medium b.
Acoustic microscopy can microscopically target materials where direct mechanical measurements cannot be applied. In its simplest form, the relationship between the sound speed and the elastic bulk modulus of a fluid media is
where c is the sound speed, K is the elastic bulk modulus, and U is the density.
Because biological soft tissue may be considered as a fluid, the sound speed and imped-ance can be used to estimate elastic properties of the tissue. Recent biomechanical studies have suggested that the mechanical properties of tissues may not be sufficiently similar to fluids and should be treated as soft solid materials. However, the acoustical relationships of solid materials can also be described by the following equation.
where c is the sound speed, E is the Young's modulus, V is the Poisson's ratio, and U is the density. This equation
indicates that the Young's modulus of tissue and the sound speed are closely related.
Multimodal Ultrasound Microscope FIGURE 1 shows a block diagram of the multimodal ultrasound microscope. A single ultrasound pulse with a pulse width of 2 ns was emitted and received by the same transducer above the specimen. Saline was used as the coupling medium between the transducer and the specimen. The reflections from the tissue surface and those from the interface between the tissue and glass were received by the transducer and were introduced into a Windowsbased PC with a fast digitizer card (Acqiris DP210, 2GSa/s, 8-bit, onboard memory 16MB, Geneva, Switzerland). The frequency range was 500 MHz, and the sampling rate was 2 GS/s. Eight consecutive values of the signal taken for a pulse response were averaged in order to reduce random noise.
The transducer was mounted on an X-Y stage with a microcomputer board that was driven by the PC through RS232C. Both X-scan and Y-scan directions were driven by linear servo motors and the position was detected by an encoder. The scan was controlled to reduce the effects of acceleration at the start and deceleration at the end of the X-scan. Finally, two-dimensional distributions of ultrasonic intensity, sound speed, attenuation coefficient and thickness of a specimen measuring 2.4 × 2.4 mm were visualized using 300 × 300 pixels. The total scanning time was 63 s. Denoting the standardized phase of the reflection wave at the tissue surface as I front , the standardized phase at the interference between the tissue and the substrate as I rear then, 
Ultrasound Impedance Microscope [10]
FUGURE 3 shows the schematic illustration of reflections in acoustic impedance mode. In this mode, reflection from the interface between the thin plastic plate and tissue was visualized. Thus, thin-slicing of the tissue is not required in this mode. Acoustic impedance was assumed to be 1.5 x 10 6 Ns/m 3 when water was used as a reference. When silicon rubber was used, its acoustic impedance was calibrated with water as the standard reference material. In our analysis, 0.965 x 10 6 Ns/m 3 was used. The acoustic impedance of the substrate was calculated to be 3.22 x 10 6 Ns/m 3 , considering its sound speed and density.
The multimodal ultrasound microscope realized conventional C-mode, surface impedance mode, B-mode, 3D mode and combination of photoacoustic imaging.
RESULTS
Sound Speed and Echo Intensity of Prostate Tissues [11]
Prostate tissue was obtained by transrectal ultrasound (TRUS) guided biopsy. All biopsy results were reviewed and assigned a Gleason score. All patients involved in this study (n=29) provided written informed consent. Biopsied specimens from patients were fixed by 4% formaldehyde overnight, and embedded in paraffin by using standard processing for histology. The paraffin blocks were stored in a refrigerator at 5 qC. The samples for the acoustic microscopy were de-paraffinized without staining for acoustic microscopy. The neighboring section for USM was stained with Hematoxylin-Eosin staining for optical microscopy. 
Sound Speed and Elasticity of the Tissue
As described before, SAM data can be used as the basic data for assessing biomechanics of tissues and cells. Research on biomechanics is widely performed in the field of orthopedic surgery. The acoustic properties of rabbit supraspinatus tendon insertions were estimated using a SAM system. In the tendon proper and the non-mineralized fibrocartilage, the sound speed and ultrasonic attenuation gradually decreased as the predominant collagen type changed from I to II. In the mineralized fibrocartilage, the acoustic properties increased markedly with the mineralization of the fibrocartilaginous tissue. These results indicate that the non-mineralized fibrocartilage has the lowest elastic modulus among four zones at the insertion site, which could be interpreted as an adaptation to various types of biomechanical stress [12] .
Our group also attempted to quantify changes of articular cartilage of the knee joint during immobilization in a rat model. The knee joints of adult male rats were immobilized at 150 degrees of flexion using an internal fixator for 3 days, and 1, 2, 4, 8, and 16 weeks. The articular cartilage from the medial midcondylar region of the knee was obtained, divided into three areas (non-contact area, transitional area, contact area), and in each area, a degree of degeneration was evaluated by gross observation, histomorphometric grading, and measurements of thickness and number of chondrocytes. Degeneration of the articular cartilage was mainly observed in the contact and transitional areas. Matrix staining intensity by safranin-O and number of chondrocytes were decreased in these two areas. The thickness of the articular cartilage in the non-contact and contact areas was unchanged, but it was increased in the transitional area. Decrease in sound speed was observed in the transitional area of both the femoral and tibial cartilage, indicating the softening of the articular cartilage. The changes of articular cartilage became obvious as early as one week after immobilization. These changes may be due to a lack of mechanical stress or a lack of joint fluid circulation during immobilization [13, 14] .
Ultrasound Impedance Microscope Image FIGURE 6 shows the ultrasound impedance image of a rat brain. This image was obtained by placing fresh brain tissue on the plastic plate. Each layer of the brain was clearly observed due to acoustic impedance differences. 
DISCUSSION / CONCLUSIONS
Acoustic microscopy was able to visualize high quality microscopy images of tissues and cells suitable for histopathological examinations. For bone, cartilage, tendon and cardiovascular tissues, micro-acoustic properties provided important information on biomechanical properties. Biomechanics of these tissues are especially important for assessing the pathophysiology. Biological soft tissues are considered to consist of visco-elastic materials and acoustic microscopy has provided information on viscosity by ultrasonic attenuation estimates and information on elasticity by sound speed estimates. Instead of stretching cells or using atomic force microscopy for measuring biomechanical properties, acoustic microscopy can be used to measure precise mechanical property distributions without contact to the cells [15, 16] .
Thus, acoustic microscopy introduced a new concept of pathology that is based on the mechanical properties of is the object being imaged. Recent developments such as ultrasound speed microscopy, 3D ultrasound microscopy and high frequency array transducers may provide a clinically applicable acoustic microscopy in the near future.
